The synthesis and characterisation of four 17-membered, dibenzo-substituted macrocyclic ligands incorporating unsymmetrical arrangements of their N 3 S 2 , N 3 O 2 and N 3 OS (two ligands) donor atoms are described; these rings complete the matrix of related macrocyclic systems incorporating both symmetric and unsymmetric donor sets reported previously. The X-ray structures of three of the new macrocycles are reported. In two of the Cu(II) structures only three of the possible five donor atoms present in the corresponding macrocyclic ligand bind to the Cu(II) site, whereas all five donors are coordinated in each of the remaining complexes. The interaction of Co(II), Ni(II) and Cu(II) with the unsymmetric macrocycle series has been investigated by potentiometric (pH) titration in 95% methanol; X-ray structures of two nickel and three copper complexes of these ligands, each exhibiting 1 : 1 (M : L) ratios, have been obtained. The results are discussed in the context of previous results for these metals with the analogous 17-membered ring systems incorporating symmetrical arrangements of their donor atoms, with emphasis being given to both the influence of the donor atom set, as well as the donor atom sequence, on the nature of the resulting complexes.
Introduction
Over recent years there has been increased interest in the synthesis of unsymmetrical ligands and their potential for use in a number of applications.
1-6 For example, ligands of this type have been investigated in catalysis, 7 liquid crystal 8 and non-linear optics applications.
1
We now report the results of a comparative investigation of the interaction of the 17-membered, unsymmetrical, mixed-donor macrocycles 1-9 (see Scheme 1) with Co(II), Ni(II) and Cu(II). In earlier studies we have reported the use of the corresponding 16-to 20-membered symmetrical macrocycles (the 17-membered rings are given by 10-18; see Scheme 1) for the systematic investigation of metal ion discrimination behaviour across the industrially important metal ions: Co(II), Ni(II), Cu(II), Zn(II), Cd(II), Ag(I) and Pb(II).
9-10
In these studies the effect of systematic variation of the donor atom set, the macrocyclic ring size and the addition of substituents to the macrocyclic ring were all employed as a means of enhancing selectivity for particular transition and the previously reported preparation of (2-aminoethyl, 3-aminopropyl)sulfide.
11 Dichloromethane (DCM) was distilled from calcium hydride. N-(2-Aminoethyl)-1,3-propanediamine was dried over 4 Å molecular sieves prior to use. The macrocycle precursor dialdehydes 2-(2-(2-formylphenoxy)ethylthio)-benzaldehyde, 2-(2-(2-formylphenylamino)ethylthio)benzaldehyde and 2-(2-(2-formylphenoxy)ethylamino)benzaldehyde incorporating SO-, SN-and ON-donor sequences were prepared as described previously.
12 Samples for elemental analysis were dried over silica gel in a vacuum. Crystals were used directly for the X-ray diffraction studies after removal from the crystallisation solution. 1 H and 13 C NMR spectra were recorded using a Bruker AM-300 spectrometer. In cases where NH or OH proton signals were not clearly observed, they are omitted from the reported spectral assignment. Electrospray (FTICR-MS) for 5, 6, 8 and 9 were obtained on a Bruker BioApex 47e spectrometer. For the metal complexes positive ion ESI-HRMS mass spectra were recorded on samples dissolved in acetonitrile and analysed using a Bruker Apex Ultra Qe mass spectrometer with a 9.4 T magnet and a Bruker Electrospray Ion source. Accurate mass determination was carried out after external calibration using Agilent ESI-L tuning mix.
Physical methods

Macrocycle synthesis Macrocycle 5 (SN/NON).
Di(2-aminoethyl)ether dihydrochloride (0.363 g, 0.002 mol) was dissolved in warm absolute ethanol (200 mL) containing NaOH (0.2 g, 0.005 mol) and this solution was slowly added (10 h) under dry N 2 to 2-(2-(2-formylphenylamino)ethylthio)benzaldehyde (0.570 g, 0.002 mol) in warm absolute ethanol (500 mL). The mixture was refluxed for 2 h after which additional di(2-aminoethyl)ether dihydrochloride (0.05 g) was added followed after 1 h by addition of NaBH 4 (3.0 g, 0.081 mol) in small portions; refluxing was continued for an additional 3 h. The ethanol was removed under vacuum and the resulting crude product was partitioned between DCM (100 mL) and 1 M NaOH (100 mL). The layers were separated and the aqueous phase was extracted with DCM (2 ¥ 100 mL). The combined organic layers were back-washed with water (100 mL) and then washed with saturated NaCl solution (200 mL). The organic solution was filtered and the DCM removed to yield a pale brown oil. Flash column chromatography on silica gel with 20% methanol in DCM as eluent followed by recrystallisation from acetonitrile afforded 5 as a white crystalline solid (0.380 g, 53%) (Found: C, 66. 
Macrocycle 6 (SN/NSN).
Di(2-aminoethyl)sulfide (0.225 g, 0.0022 mol) in methanol (150 mL) was added dropwise over several hours to 2-(2-(2-formylphenylamino)ethylthio)benzaldehyde (0.335 g, 0.0012 mol) in refluxing methanol (250 mL). After 1 h, NaBH 4 (1.0 g, 0.027 mol) was added in small portions and refluxing was continued for an additional 3 h. The solvent was removed under vacuum and the residue was partitioned between aqueous 1 M NaOH (100 mL) and DCM (100 mL). The organic phase was removed and the aqueous layer was extracted with DCM (2 ¥ 100 mL). The combined DCM extracts were then washed with water (50 mL) followed by saturated NaCl (100 mL). Filtration and removal of the solvent afforded the crude product as an orange-brown glass. Chromatography on silica gel with 2% methanol in DCM as eluent, followed by recrystallisation from a mixture of DCM/hexane/Et 2 
Macrocycle 8 (ON/NON).
Di(2-aminoethyl)ether dihydrochloride (0.366 g, 0.002 mol) in absolute ethanol (150 mL) was added dropwise over several hours to 2-(2-(2-formylphenoxy)ethylamino)benzaldehyde (0.536 g, 0.002 mol) in refluxing absolute ethanol (500 mL). After 8 h, NaBH 4 (2.0 g) was added in small portions and refluxing was continued for 6 h, followed by the addition of further NaBH 4 (1.0 g); the reaction mixture was heated at reflux for a further 8 h. The ethanol was removed under vacuum and the crude product was partitioned between DCM (100 mL) and 1 M aqueous NaOH solution (100 mL). The layers were separated and the aqueous phase was extracted with DCM (2 ¥ 100 mL). The combined organic layers were back-washed with water (100 mL) and then washed with saturated aqueous NaCl (200 mL). The DCM solution was filtered and the DCM removed under vacuum to yield an offwhite glass. Chromatography of this product on silica gel with methanol (5-20%) in DCM afforded 8 which was recrystallised from acetonitrile/methanol (1 : 1) mixture as a white crystalline solid (0.610 g, 88%) (Found: C, 70.42; H, 8.25 ; N, 12.26%.0.068 mol) was added in small portions and refluxing was continued for 12 h. After a further addition of NaBH 4 (1.0 g, 0.027 mol), the solution was refluxed for a further 4 h. The ethanol was removed under vacuum and the crude product was partitioned between DCM (100 mL) and aqueous 1 M NaOH (100 mL). The layers were separated and the aqueous phase was extracted with DCM (2 ¥ 100 mL). The combined organic extracts were back-washed with water (100 mL) and then washed with saturated NaCl solution (200 mL). The solution was filtered and the DCM removed to yield a light-brown glass. Chromatography on silica gel with methanol (5-50%) in DCM as eluent resulted in 9 (0.321 g, 45%) as an off-white solid which was recrystallised from acetonitrile (Found: A crystal from this synthesis was used for the X-ray structure determination.
Potentiometric titrations
The protonation constants and metal stability constants were determined by potentiometric (pH) titration. All measurements were performed in 95% methanol at 25 ± 0.1
• C (I = 0.1; NEt 4 ClO 4 ) under the same conditions as described previously.
13
Metal complex log K values are the mean of between two and four individual determinations at varying metal : macrocycle ratios. The use of the above conditions allowed comparison of the data with values obtained for the previously reported macrocyclic analogues. Data were processed using a local version of MINIQUAD.
14
Macrocycle X-ray Structures
The X-ray data for
were collected on a Bruker-Nonius APEX2-X8-FR591 diffractometer employing graphite-monochromated Mo-Ka radiation generated from a rotating anode (0.71073 Å ) with w and y scans to approximately 56
• 2q at 150(2) K.
were collected with w scans to approximately 56
• 2q using a Bruker SMART 1000 diffractometer employing graphite-monochromated Mo-Ka radiation generated from a sealed tube (0.71073 Å ) at 150(2) K. 16 Data integration and reduction were undertaken with SAINT and XPREP
15-16
Subsequent computations were carried out using the WinGX-32 graphical user interface. 17 Structures were solved by direct methods using SIR97.
18
Multi-scan empirical absorption corrections, when used, were applied to the data sets using SADABS. 19 Data were refined and extended with SHELXL-97.
20
In general, non-hydrogen atoms with occupancies greater than 0.5 were refined anisotropically. Carbon-bound hydrogen atoms were included in idealised positions and refined using a riding model. Oxygen and nitrogen bound hydrogen atoms were first located in the difference Fourier map before refinement. Where these hydrogen atoms could not be located, they were not modelled. Crystallographic data are summarised in Table 1 and (additional) specific details pertaining to structural refinements for two complexes are detailed below.
[NiLCl]Cl·0.
. This molecule crystallises with two complexes in the asymmetric unit and there is a large amount of disordered solvent in the lattice. This was modelled as a quarter occupancy acetonitrile, two full Table 1 Crystal and structure refinement data (2) 150 (2) 150 (2) 150 (2) 150 (2) 150 (2) 150 (2) 150 (2) occupancy water molecules, one three-quarter occupancy water molecule, six half-occupancy water molecules and eight quarter occupancy water molecules. Hydrogen atoms could not be located on the water molecules of half or lower occupancy and were not included in the model. In addition the lattice chloride anions are modelled each over two positions of 0.8 and 0.2 occupancy. Each disordered chloride was modelled with identical thermal parameters.
[CuLCl]Cl·2.375H 2 O [L = 9 (ON/NSN)]. These crystals were very small and despite appearing (at least visually) to be of good quality they were poorly diffracting, with few reflections recorded above 1 Å resolution. This complex crystallises with two molecules in the asymmetric unit and the uncoordinated anions and solvent water molecules are disordered. The 4.75 water molecules were modelled over 14 positions and their hydrogen atoms could not be located in the difference Fourier map. In addition, the uncoordinated chloride ions were modelled over eight positions. One of the coordinated chlorides (Cl(3)) was modelled over two (0.75 and 0.25 occupancy) positions. The O-N ethylene bridge in one of the macrocycles was modelled as disordered over two positions.
Results and discussion
Macrocycle synthesis and characterisation
The unsymmetrical 17-membered macrocycles 1 (SO/NNN), 2 (SO/NON), 3 (SO/NSN), 4 (SN/NNN) and 7 (ON/NNN) have been reported previously by our group 12 while the remainder of the series, 5 (SN/NON), 6 (SN/NSN), 8 (ON/NON) and 9 ON/NSN), are new and serve to complete the 'matrix' of 17-membered macrocyclic ligands of this type. The preparations in each case involved a double Schiff-base condensation between the appropriate linear diamine derivative and the corresponding unsymmetrical dialdehyde precursor, followed by in situ reduction of the resulting diimine with sodium borohydride. Isolation of the diimine (or its isomeric 1,3-diazacyclopentane) 21 intermediate prior to reduction was found to be unnecessary. The microanalytical, mass spectra, 1 H and 13 C NMR results were in each case in accord with formation of the expected product. Structural assignments were initially carried out with the aid of 1D and 2D NMR experiments and subsequently confirmed in three instances by single crystal X-ray analysis (see below).
The 1D and 2D NMR data for 5 (SN/NON), 6 (SN/NSN), 8 (ON/NON) and 9 (ON/NSN) are presented in Table 2 (see Fig. 1 a Entries bearing this superscript are interchangeable Fig. 1 The atom numbering scheme employed for the NMR assignments listed in Table 2. for atom numbering); only the assignments for 5 (SN/NON) are discussed below -the corresponding assignments for 6 (SN/NSN), 8 (ON/NON) and 9 (ON/NSN) were made in an analogous manner. For 5, the equivalence of the methylene hydrogens on each benzylic carbon (which appear as two-proton singlets at d 3.88 (H9) and d 3.85 (H14)) is in agreement with the expected conformational flexibility of the 'NON'-containing fragment of the macrocyclic ring. The respective long range proton-carbon correlations are also consistent with the proposed structure. Thus, the benzylic protons at d 3.85 (H14) correlated across the nitrogen with the ethylene carbon in the lower bridge at d 48.7 ppm (C13, adjacent to the secondary amine) and also to the aromatic carbon atoms at d 123.9, 129.9 and 147.6 ppm (C1¢, C2¢ and C6¢ respectively). These were assigned to the carbons of the N-substituted aromatic ring, using the low-field position at d 147.6 ppm as evidence for N-substitution. 23 Similarly, the ethylene protons at d 2.79 (H13, ethylene carbon at 48.7 ppm) in the 'NON' bridge showed correlations to the benzylic carbon at 53.7 ppm (C14) as well as to the carbon at 69.40 ppm (C12) adjacent to the ether oxygen in this bridge. For the opposite ('SN' bridge) side of the molecule, the connectivity was confirmed on the basis of correlations from the benzylic protons at d 3.88 (H9) to the aromatic carbon signals at 130.9, 136.7, and 136.1 ppm (C6, C1 and C2 respectively) of the S-substituted ring. The assignment of the carbon at 136.1 ppm (C2) was made on the basis of a correlation from the upper bridge methylene protons at d 3.39 (H8) and using the chemical shift of the carbon at the C8 position (31.2 ppm) as being diagnostic of attachment to sulfur.
22
The X-ray structures of 5 (SN/NON), 6 (SN/NSN) and 8 (ON/NON) (see Fig. 2-4 ) in each case shows the presence of a non-folded conformation and confirm the atom connectivity deduced from the NMR experiments. The structures of 4 (SN/NNN), and 7 (ON/NNN), reported previously, also adopt quite related non-folded conformations. 12 In general, there is close agreement between bond lengths and angles of chemically equivalent bonds across all structures. bonding accepting groups (the three amines, the thioether and the ether) leads to the presence of a number of intramolecular hydrogen bonding interactions. N(2), for example, hydrogen bonds to both O(1) and S(1), while N(3) hydrogen bonds to N(1) and S(1). The remaining hydrogen bond donor (N(1)) is involved in intermolecular hydrogen bonding binding to the N(2) in an adjacent molecule forming a dimer-like arrangement. The crystal packing is further stabilised by a number of CH 2 -p interactions. In a similar fashion to 5 (SN/NON), just discussed, 6 (SN/NSN) crystallises in the triclinic space group P1 and the molecule has significant potential for hydrogen bonding interactions. There are a number of intramolecular interactions present with N(1) hydrogen bonding to S (2) and N(3) to N(2). S (1) is not involved in these interactions, presumably because it is orientated such that its lone pairs point outside the macrocyclic cavity rather than internally. In contrast to the structure of 5 (SN/NON), there are no intermolecular hydrogen bonds present in the structure of 6; however, there are a number of non-classical CH phenylene -S interactions. The latter are associated with CH phenylene -S(1) distances of~3.0 Å . 
24
Complex syntheses and X-ray studies
Reaction of individual ligands from 4-9 with selected metal salts in ethanol resulted in suitable crystals for Xray diffraction in five instances; structure determinations were obtained for the following complexes:
As occurs in the previously reported structures of the Ni(II) complexes of the related symmetrical 13 (OO/NNN), 25 
(SS/NNN)
26 and 18 (SS/NSN). (Fig.  5) . The observed distortion from regular octahedral geometry undoubtedly reflects the steric requirements of the macrocyclic ligand. The 'bite' angles for the 5-membered chelate rings are 81.30 (9) and 84.38 (6) • while the corresponding angles for the two 6-membered rings are each 89.78(7)
• . The Ni-O bond of 2.1214(17) Å slightly exceeds the sum of the covalent radii 28 of octahedral Ni(II) (1.39 Å ) and O (0.66 Å ) however, it is comparable to the mean literature value of 2.15 Å for this bond type. 29 The Ni-N distances 2.0675(17)-2.1214(17) Å fall within the range (2.03-2.16 Å ) observed for such bonds involving neutral sp 3 -hybridised nitrogen atoms in macrocyclic high-spin Ni(II) complexes.
30
The
cation is characterised by the presence of two chemically identical but crystallographically distinct molecules per unit cell; one molecule is shown in Fig. 6 . As for the Ni(II) complex of 7 (ON/NNN), the sixth coordination position is occupied by a chloro ligand. For both molecules the distortion from regular octahedral geometry again largely reflects the small 'bites' of the 5-membered chelate rings [79.61(13)-82.74 (15) • ], while the 6-membered chelate rings range between 88.17(15)-90.93 (15) • . The Ni-N distances and Ni-O bond lengths are again unexceptional.
X-ray structures were also obtained for [ (Fig. 7) is comprised of the 1,4,7-triazaheptane macrocyclic fragment and a chloro ligand in an equatorial fashion, while the second chloro ligand occupies an axial position in a distorted square pyramidal coordination geometry (see below). In contrast to the solid state structure of free 7, 12 the macrocyclic ring is folded in this complex and coordinates in an exo manner such that the copper ion is not contained in the macrocyclic cavity. The Cu-N bond distances are unexceptional (mean value 2.0394 Å ). Similarly, the Cu-Cl lengths of 2.3003(5) and 2.4705(4) Å fall well within the range (2.11-2.64 Å ) of values observed for related five-coordinated complexes.
31
The aryl ether oxygen O(1) does not coordinate. This is not unexpected since ether oxygen donors have been documented to be generally 'poor to borderline' donors towards Cu(II); for example, classical crown ethers show little affinity for Cu(II).
32
Similarly, X-ray studies have confirmed the non-coordination of ether functions in copper compounds of mixed oxygen-nitrogen donor macrocycles related to those under discussion.
31,33,34
Addison's t parameter 35 can be employed to measure the degree of trigonality present in a five-coordinate complex and is defined as t = (b -a)/60
• , where a and b are the largest angles in the coordination sphere. For a perfectly square pyramidal geometry t = 0, while for a perfectly trigonal-bipyramidal geometry t = 1. The choice of axial donor is made using the criterion that it should not be any of the four donors which define the two largest angles. (Fig. 9) . The distortion from regular octahedral geometry is reflected in the observed range of metal-donor bond angles, (1) 158.703 (19) . 
Potentiometric titrations
Protonation constants and metal complex stability constants in 95% methanol were determined for 1-9 using the potentiometric (pH) titration technique and, as expected, confirm that each of these ligands is a moderately strong base (Table 3 ). The corresponding log K values for 1 : 1 complex formation with Co(II), Ni(II) and Cu(II) are given in Table 4 along with those for the closely related mixed donor symmetrical ligands 10-18 whose log K values were reported previously.
33,37-40
Inspection of the stability data presented in Table 4 (and Fig.  10 and 11 ) allows the following observations to be made.
(1) Where full data are available, the stabilities for individual metal-ligand systems clearly follow the Irving-Williams stability order of Co(II) < Ni(II) < Cu(II) in all cases.
40
(2) As anticipated, 37 the magnitude of a particular log K value is strongly influenced by the number of nitrogen donor atoms present in individual ligand systems; with stronger binding for a particular metal occurring as the number of nitrogens increases. For example, on replacing the sulfur in the backbone of 1 (SO/NNN) with a nitrogen to yield 7 (ON/NNN), while maintaining the -NNNdonor fragment unchanged (see Fig. 10 ), results in the stability of the corresponding Co(II) complex being enhanced by10 2 . Similar behaviour is evident on comparing the stabilities of the Fig.10 and 11 ) is clearly more complex, the results do confirm the expected 41-45 low affinity of ether oxygen donors for the above transition metal ions, with in most instances the affinity of thioether sulfur being somewhat higher than ether oxygen for these metals. Thus, for example, replacement of oxygen donors by sulfur results in a modest increase in the stability of the complexes of 6 (SN/NSN) and 9 (ON/NSN) compared to those of 5 (SN/NON) and 8 (ON/NON) respectively. In this context, it is noted that a small preference of Cu(II) for thioether sulfur over ether oxygen has been reported previously.
41,46,47
(4) As discussed earlier, the X-ray structures of the crystalline Cu(II) complexes of both 7 (ON/NNN) and 8 (ON/NON) both show that macrocycle coordination only occurs via the respective -NYN-fragments. Hence if similar behaviour predominates in solution then the observed magnitudes of the binding strengths of these ligands for Cu(II) likely simply reflect the different affinities of the respective -NNN-and -NON-fragments of each macrocycle for this metal ion.
(5) The data presented in Fig. 11 also confirm that varying the order of the donor atom sequence in the macrocyclic backbone can have a significant effect on the stability of individual complexes. For example, varying the O 2 N 3 S-donor sequence from ON/NSN in 9 to SN/NON in 5 results in a drop in the log K values for the corresponding Co(II) complexes from 6.2 to 3.6. Similarly the donor sequence of OO/NNN in 13 gives a log K value for Ni(II) of 10.0 while the sequence of ON/NON in 8 results in a drop in the corresponding log K value to 5.5 (however, in this case the observed reduction may also be contributed to by the presence in 8 of a less basic anilino amine together with two secondary aliphatic amines against three secondary aliphatic amines present in 13).
Concluding remarks
Investigation of the effect of variation of both donor atom type and donor atom sequence across eighteen 17-membered macrocyclic ligands incorporating both symmetrical and unsymmetrical N, S Table 4 are shown at their maximum value of 3.5.
and/or O donors has enabled a comparative structure/function analysis of their metal binding properties towards Co(II), Ni(II) and Cu(II). To the best of our knowledge this number of macrocyclic rings (involving similar ring size and backbone structure) is unprecedented in terms of previously reported comparative studies of the present type. The results both confirm previous observations concerning the influence of the nature of the donor atom set on complexation behaviour as well as providing additional information that, collectively, provides a basis for the rational design of new related macrocyclic ligand systems exhibiting predetermined metal binding properties -including, for example, systems involving other ring sizes and/or backbone structures.
